Glycosyltransferases, the enzymes that build oligosaccharides and glycoconjugates, have received much interest in recent years owing to their biological functions and their potential uses in biotechnology. Despite the fact that many glycosyltransferases recognize similar donor or acceptor substrates, there is surprisingly limited sequence identity between different classes. On the one hand, the glycosyltransferases are found in a large number of families, by sequence-based classification. On the other hand, only two structural folds have been identified among the fewer than one dozen glycosyltransferases that have been crystallized at present. Detection of conserved motifs that have a direct role in the functional aspects of glycosyltransferases is one approach for identifying remote similarity. With the availability of more crystal structures, the use of the fold-recognition approach is also very promising.
Introduction
Glycosylation reactions are of great biological importance in both prokaryotes and eukaryotes, and require the co-ordinated action of a large number of enzymes, the glycosyltransferases (GTs). They catalyse the transfer of a sugar residue from an activated donor, usually a nucleotide sugar, to an acceptor that can be an oligosaccharide, a lipid or a protein. Recent developments in the molecular biology of GTs have revealed an unexpected diversity of these enzymes, which suggests that glycosylation reactions probably require the participation of several hundred genes.
Sequence analysis of GTs: motifs and patterns
GTs have been classified into 53 different families on the basis of aminoacid sequence similarities and stereochemistry of the reaction in the CAZY database (http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html); however, despite a lack of overall sequence identity, conserved peptide motifs have been detected in protein members belonging to different GT families. For example, a highly conserved peptide motif has been found in both eukaryotic and prokaryotic ␣2-and ␣6-fucosyltransferases (GT families 11, 23 and 37) [1, 2] , and in the peptide O-fucosyltransferase (C. Breton, unpublished work). Three conserved regions are also shared by N-acetylglucosaminyltransferase (GnT)-I and GnT-II, the key enzymes involved in the biosynthesis of complex N-glycans (GT families 13 and 16) [3] . The best example is the well-known Asp-Xaa-Asp motif, which has been identified in many different GT families that use various nucleotide sugars and acceptors [4, 5] . This motif is present in both inverting and retaining enzymes, and it has been shown, in several crystal structures, to interact mainly with the phosphate groups of the nucleotide donor through the co-ordination of a metal cation. From crystal structures and mutagenesis experiments, it is clear that the conserved peptide motifs play a major role in enzyme function and their presence in distantly related proteins is indicative of common structural and catalytic features.
Comparative analysis of crystal structures of GTs
GTs present peculiar difficulties for expression, purification and crystallization and, as a result, they have been excluded for a while from the mainstream of the exploding number of crystal structures that have been solved. Since the first structure of bacteriophage T4 ␤-glucosyltransferase (BGT), an enzyme that adds glucose to the modified phage DNA [6] , crystal structures have been obtained for eight other GTs. These structures are listed in Table 1 . Although the number of structures available is still limited, very interesting information can be extracted because both prokaryotic and eukaryotic enzymes (including inverting and retaining enzymes) are present. Furthermore, in many cases, ligands (UDP, UDP-sugar, acceptor or Mn 2ϩ ) are present in the crystal, allowing study of the way that they interact with the protein.
All of the nine GTs with known structures belong to different sequence families. Unexpectedly, they appear to adopt only two different folds. In this chapter, they are named as the BGT and SpsA fold, with reference to the first structure solved in each case (see Table 1 ). The BGT-fold consists of two Rossmann-type domains that are connected by a flexible hinge and terminated by a series of long ␣-helices (Figure 1 ) . The similarity between the two domains is high enough to propose that they are the result of gene duplication [7] . Binding of the nucleotide sugar and of the acceptor is found in the crevice between the two domains, but little is known about the catalytic mechanism at the present time. The SpsA fold is characterized by an ␣/␤/␣ sandwich that also shares similarity with the Rossmann fold. The central ␤-sheet is flanked by a smaller one, and the association of the two sheets creates the cleft for binding Table 1 Crystal structures of GTs. Glc, glucose; Gal, galactose; GlcNAc, N-acetylglucosamine; Man, mannose; Xyl, xylose; NC, non-classified; GlcA, glucuronic acid. 
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the nucleotide sugar, the acceptor and the Mn 2ϩ cation that have been found in all enzymes sharing this fold. For both GnT-I [8] and the galactosyltransferase LgtC [9] , the structure has been obtained as a complex with the divalent cation and the nucleotide sugar, and the role of a flexible C-terminal loop that is able to lock the site has been demonstrated. Recent results suggest that large conformational changes occur upon binding of the nucleotide sugar donor [10, 11] .
Comparative studies with other proteins sharing the same fold
When looking for both the BGT and SpsA folds in the SCOP (Structural Classification of Proteins [12] ) and FSSP [13] databases, only a limited number of other structures are identified, most of them being related to the glycosylation pathway. Figure 1 illustrates some of these similarities. UDP-N-acetylglucosamine 2-epimerase [14] adopts the same fold as BGT and binds the nucleotide sugar in the same region. More surprisingly, it has been demonstrated that BGT displays a strong structural resemblance to the core domains of glycogen phosphorylase and maltodextrin phosphorylases [15, 16] . It is difficult to decide if this similarity is the result of a remarkable convergent evolution or of a very remote evolutionary relationship.
The enzymes that share the same fold as SpsA are listed in Table 2 . They all bind nucleotide triphosphate, but catalyse two different reactions. On the one hand, CMP-N-acetylneuraminic acid (CMP-NeuAc) and CMP-3-deoxymanno-octulosonic acid (CMP-KDO) synthetases catalyse the activation of acidic sugar by forming a monophosphate diester. On the other hand, the other enzymes create the nucleoside diphosphate diesters from the phosphorylated acceptor, which is generally a sugar. The two families of enzymes require the presence of Mg 2ϩ for activity, although it appears that the location of this cation is not always equivalent to the one of Mn 2ϩ in GTs.
Fold-recognition studies of GTs
The fact that GT families present little or no sequence identity and only two three-dimensional folds makes them very suitable proteins for the use of fold-recognition methods. In one approach, we analysed several representative sequences of each of the CAZY families, with the use of the 3D-PSSM webbased program [17] (www.bmm.icnet.uk/~3dpssm/). Families corresponding to integral membrane proteins with multiple transmembrane domains (22, 39, 48, 50 and 53), as well as those corresponding to phosphorylases and murein polymerases (36 and 51) were not considered. The results are listed in Table 3 for the families where no crystal structure is available. Of the 40 remaining families whose structures are unknown, 24 could be assigned a BGT or a SpsA fold with a high degree of probability and nine with a reasonable probability level (the latter ones being referred to as 'BGT-like' or 'SpsA-like'). Either of these two folds could be predicted for families 17 and 44 (including GnT-III, which is responsible for the biosynthesis of the bisecting ␤4-GlcNAc in Table 2 Xyloglucan ␣2-fucosyltransferase
Bacterial sequences of unknown function 47 C-terminal domain of bi-functional heparan sulphate synthase (EXT family) 55
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N-glycans). Families 14, 15, 18, 26, 42 and 52 are predicted to contain a Rosmmann-like fold, but they could not be assigned unambiguously to the SpsA or BGT families. For some bi-functional enzymes, such as EXT proteins (e.g. GT-47), a BGT fold was predicted for the N-terminal domain and a SpsA fold for the C-terminal domain. The LARGE protein is predicted to be a bifunctional enzyme displaying two separate SpsA domains, with the N-terminal domain showing significant similarities with the GT-8 protein sequences (LgtC family), whereas the C-terminal domain is similar to a ␤3-GlcNAcT (GT-49).
Using a different fold-recognition program, Wrabl and Grishin made rather similar predictions for the occurrence of a BGT fold in several CAZY families [18] . Figure 2 illustrates the prediction that can be performed for some of the enzymes involved in the biosynthesis of N-glycans. The mannosyltransferases Alg1 (GT-33) and Alg2 (GT-4), which participate to the synthesis of the dolichol phosphate oligosaccharide precursor, are predicted to adopt the BGT fold. Among the Golgi-localized enzymes, GnT-I and ␤4-GalT1 have been crystallized and are known to adopt the SpsA fold. The same structure is predicted for GnT-II, the threading prediction being supported by the existence of common sequence motifs between GnT-I and GnT-II [3] . At present, there are no experimental structural data for sialyltransferases (STs) and fucosyltransferases (FTs). The 3D-PSSM approach allows us to predict that all theses enzymes are likely to adopt the BGT fold. Our previous threading work, which used a different program, arrived at the same prediction for fucosyltransferases [2, 19] but it should be noted that another team arrived at a different model [20] . This clearly illustrates that more structural data are needed on these enzymes of high biological and pharmaceutical interest.
Perspectives: combination of fold recognition and motif search for identification of GT activities
Annotation of newly determined genomic sequences is a bottleneck in modern biology. When looking at the genomes of bacteria or parasites, the number of annotated GTs is notably smaller than what would be necessary to build the highly complex polysaccharides or oligosaccharides present at the cell surface or in the cell wall. The use of the fold-recognition approach, associated with the search for functional motifs, may in the future allow the identification of 'putative' GTs that could be the target for functional studies.
